The population biology of Streptococcus pneumoniae is poorly understood. Most of the important issues could be addressed by the molecular characterization of large, well sampled populations from carriage and from the different manifestations of pneumococcal disease. The authors have therefore developed a pneumococcal multilocus sequence typing scheme and database by sequencing -450 bp fragments of seven housekeeping loci from 295 isolates. The combination of alleles at the seven loci provided an allelic profile, or sequence type (ST), and the relatedness between isolates was obtained by constructing a dendrogram from the matrix of paiwvise differences between STs. The typing scheme was validated using pneumococci of known genetic relatedness and could resolve >6 billion STs. Among 274 isolates from recent cases of invasive pneumococcal disease in eight countries, 143 STs were resolved, but 12 STs contained at least five isolates (range 5-21 isolates). The repeated recovery of indistinguishable isolates from invasive disease in different countries implies that these STs define strains with an increased capacity to cause invasive disease. The relationship between STs and serotypes suggested that, in the longer term, capsular genes have been distributed horizontally within the pneumococcal population, but in the short term, expansion of clones occurs with only occasional changes of serotype. The multilocus sequence typing scheme provides a powerful new approach to the characterization of pneumococci, since it provides molecular typing data that are electronically portable between laboratories, and which can be used to probe aspects of the population and evolutionary biology of these organisms. A Web site for the molecular characterization of pneumococci by MLST is available (http://mlst.zoo.ox.ac.uk).
INTRODUCTION
Streptococcus pneumoniae remains a major cause of morbidity and mortality worldwide, causing diseases which range in severity from otitis media and sinusitis, to pneumonia, septicaemia and meningitis (Feldman & Neither do we know whether different strains are associated with the different manifestations of pneumococcal disease. Similarly, although serotyping is universally used to characterize pneumococci, we d o not know whether isolates of the same serotype are relatively uniform compared to the total pneumococcal population, or whether the diversity within each serotype approaches that within the whole population. We also know little about the extent of recombination in pneumococci, and consequently the population structure (Lomholt, 1995; Hall et al., 1996) , and we have only limited knowledge of the frequency of serotype exchange (Coffey et al., 1998a) , which is important in the context of the long-term efficacy of new conjugate vaccines that will protect against a limited number of serotypes (Kayhty & Eskola, 1996) .
These basic questions could be addressed by the application of valid molecular typing methods to appropriate pneumococcal populations. Due to the large number of pneumococcal serotypes, the need to study isolates from carriage (which are the bulk of the population, since carriage is common but disease is rare), and the different types of disease, as well as antibiotic-susceptible and resistant isolates, an adequate understanding of the population requires the analysis of large numbers of isolates. With many molecular typing methods the results obtained in different studies are difficult to combine. This limitation has been removed by the development of a portable high-resolution molecular typing procedure, multilocus sequence typing (MLST; Maiden et al., 1998) , which is based on the principles of multilocus enzyme electrophoresis (MLEE ; Selander et al., 1986) , but characterizes the alleles present at multiple housekeeping genes directly by nucleotide sequencing, rather than indirectly from the electrophoretic mobilities of their gene products. Like MLEE, MLST uses variation that accumulates slowly, and which is expected to be selectively neutral, and achieves very high resolution by analysing multiple loci. The most important advantage of MLST over MLEE, and the many typing methods that involve the comparisons of DNA fragments on gels, is the unambiguity and electronic portability of nucleotide sequence data (Maiden et al., 1998) . For any bacterial species, an expanding database of the sequences of -450 bp regions of the chosen loci can be held on a World Wide Web site, with appropriate interrogation software, so that any laboratory that sequences the same gene fragments can compare their isolates with those in the database via the Internet. In this way the results obtained in different studies in the same laboratory, or in different laboratories, can be readily combined to provide a growing resource for understanding aspects of the global epidemiology of a bacterial species. In addition, the nucleotide sequences of multiple gene fragments, from hundreds of isolates, provides data that can be used to address aspects of the population and evolutionary biology of the species.
MLST was developed and validated using Neisseria meningitidis (Maiden et al., 1998) ; here we describe a MLST scheme and database for S. pneumoniae and use the method to identify the major clones associated with serious invasive pneumococcal disease.
METHODS
Bacterial strains. The validation strains (Table 1) included two isolates of the major Spanish multiresistant serotype 23F
clone (MuHoz et al., 1991) and single isolates of serotype 19A and serotype 19F variants of this clone (Coffey et al., 1996 (Coffey et al., , 1998b , three isolates of the Spanish multiresistant serotype 6B clone (Soares et al., 1993; Coffey et al., 1996) , and clusters of isolates that had been shown to be closely related by Hall et al. (1996) . The 274 pneumococci from serious invasive disease, mostly meningitis and septicaemia in patients with no special risk factors, were recovered between 1990 and 1997 (excepting the strains from the Netherlands, which were from cases of meningitis between 1975 and 1992) from hospitals or public health laboratories in Australia (19 isolates), Canada (15 isolates), Denmark (55 isolates), Finland (6 isolates), the Netherlands (38 isolates), Sweden (10 isolates), Great Britain (120 isolates) and Uruguay (1 1 isolates), with no preselection for serotype, or antibiotic susceptibility or resistance. These isolates are therefore likely to be representative of those causing severe pneumococcal disease. The only exception was the collection from Denmark, which met all the above criteria, except that they were selected from the 12 serotypes most commonly causing invasive disease in children and adults. Reference strains of the penicillin-resistant Spanish serotype 9V clone (SP-665, Coffey et al., 1991) and the multiresistant Spanish serotype 14 clone (SP-VH14; Coffey et al., 1996) were included, as well as Streptococcus mitis strain 803.
Pneumococci were grown, and chromosomal DNA prepared, as described previously (Coffey et al., 1996) . The minimum inhibitory concentrations of antibiotics were determined by the E-test (AB Biodisk). Serotyping was kindly carried out by D. Griffiths at the Department of Microbiology, John Radcliffe Hospital, Oxford.
Selection of gene loci. The ddl, spi and recP sequences were available from GenBank and the aroE, gdh, gki and xpt sequences were kindly provided by Dr M. Burnham of SmithKline Beecham. Where possible, the sequences of the selected pneumococcal housekeeping genes were compared with their homologues in the genome sequence of Streptococcus pyogenes (dnal .chem.uoknor.edu/strep.html) to identify regions of maximal nucleotide sequence divergence. These regions were considered likely to be the most polymorphic within the pneumococcal population and, for each gene, primers were made that allowed an -450 bp fragment from the selected region to be amplified by PCR.
Nucleotide sequencing and analysis. The sequences of each of the selected -450 bp regions were obtained from a subset of 15 pneumococcal strains; those that distinguished a number of distinct alleles were selected for further evaluation, whereas those that were monomorphic, or nearly so, were discarded. For each of the selected genes, the sequences from all isolates were compared and allele numbers were assigned to each unique sequence. No weighting was given to the degree of sequence divergence between alleles since, in the absence of a knowledge of the proportion of allelic changes that are due to recombination rather than mutation, we cannot say that alleles differing at many sites are any more distantly related than those that differ at a single site. The alleles present at the seven loci define the allelic profile, or sequence type (ST), of that strain and the allelic profiles of the strains were entered 
into an Excel database. The data were loaded from Excel into the Statistica package (Statsoft), which was used to produce a matrix of pairwise differences in the allelic profiles, and to construct a dendrogram from the matrix by the unweighted pair group method with arithmetic means (UPGMA) method.
The primers used for amplification by the PCR (55 OC annealing temperature using Qiagen Taq polymerase) were : aroE-up, 5' GCCTTTGAGGCGACAGC, and aroE-dn, 5' TGCC/TCAAGTTCCTTATGTGG, and ddl-dn, 5' CAC-AACCAGCNAGCITTT, and gdh-dn, 5' GCTTGAGGTCC-CATGIACTNCC ; gki-up, 5' GGCATTGGAATGGGATC-ACC, and gki-dn, 5' TCTCCCGCAGCTGACAC ; recP-up, 5' GCCAACTCAGGTCATCCAGG, and recP-dn, 5' TGCA-ACCGTAGCATTGTAAC; spi-up, 5' TTATTCCTCCTG-ATTCTGTC, and spi-dn, 5' GTGATTGGCCAGAAGC-GGAA ; xpt-up, 5' TTATTAGAAGAGCGCATCCT, and xpt-dn, 5' AGATCTGCCTCCTTAAATAC. The DNA fragments were purified using QIAquick (Qiagen) and were sequenced in each direction, using the primers used for amplification, on an Applied Biosystems Prism 377 automated sequencer with d-Rhodamine-labelled terminators (PE Applied Biosystems).
The index of association (I,) was calculated as described by Maynard Smith et al. (1993) , except that simulation was used to test the significance of the deviation of the observed variance in allelic mismatches from the variance expected under the null hypothesis of linkage equilibrium. The test of Sawyer (1989) was applied to the synonymous polymorphic sites within the alleles at each locus and the significance of any clustering of polymorphic sites was evaluated using 10000 resamplings of the data. 
RESULTS

Sequencing of housekeeping gene fragments
Seven polymorphic gene fragments were chosen : aroE
, gdh (glucose-6-phosphate dehydrogenase) , gki (glucose kinase), recP (transketolase), spi (signal peptidase I) and xpt (xanthine phosphoribosyltransferase). The seven gene fragments were sequenced from the 295 pneumococci and from S . rnitis. The sequence diversity within the pneumococcal genes was low but was sufficient to distinguish 18-34 alleles ( within the alleles at two typical loci, aroE and xpt, are shown in Fig. 1 . The sequences of the alleles at all seven loci, and the properties of the pneumococci, are available from the MLST Web site (http ://mlst.zoo.ox.ac.uk).
For the 295 pneumococci, the mean number of alleles per locus was 25.1, providing the potential to distinguish > 6 x lo9 different genotypes. The frequency of the most common allele in the population ranged from 0.24 (gki) to 0.38 (xpt) and, from the product of the allele frequencies, isolates with the most common allele at each locus would be expected to be present by chance in the population at a frequency of 0.00038. The ST that had the most common alleles at each locus was not present in the dataset and the allelic profile in the dataset most similar to this ST differed at 3/7 loci. As the expected frequencies of all other STs are lower, and often very much lower, than that of the ST with the most common alleles at each locus, it is unlikely that unrelated isolates will by chance have the same ST. 
Validation of the MLST scheme
Isolates that had previously been shown to be closely related using highly discriminatory typing methods (validation strains) were used to check the congruence of MLST with the other methods. One group of isolates included two members of the Spanish multiply antibiotic-resistant serotype 23F clone (Mufioz et al., 1991) , and single members of the serotype 19A and 19F variants of this clone. These four isolates have been shown to be indistinguishable by PCR with repetitive element primers (REP-PCR) and very similar, or identical, by MLEE (Coffey et al., 1996 (Coffey et al., , 1998a (Coffey et al., , 1998b Multilocus sequence typing of pneumococci three reference isolates of the Spanish multiresistant serotype 6B (Coffey et af., 1996) , were identical at all seven loci. Isolates characterized by Hall et af. (1996) ( Table 1) were also analysed and the relationships between these strains by MLST are shown in Fig. 2 . The groupings obtained with MLST were highly congruent with those obtained previously using MLEE and pulsedfield gel electrophoresis (PFGE), except that the serotype 9N (PN93/110) and 9V (PN94/661) strains did not appear to be closely related by MLST (different alleles at 6/7 loci), although they differed at only 2/10 loci by MLEE . These two strains were, however, not considered to be highly related by PFGE . Fig. 3 shows a dendrogram constructed from the matrix of pairwise allelic differences between the STs of the 274 isolates from invasive disease. The isolates were resolved into 143 STs, 34 of which contained more than one isolate. The properties of the isolates within each ST are shown in Table 3 . The 12 STs that included at least five invasive isolates (range 5-21) were defined as virulent clones (labelled 1-12 in Fig. 3 ) and are described by a reference strain for the clone, with the predominant clonal serotype in superscript (e.g. the M76B clone). Each of these clones included isolates from both meningitis and septicaemia. The most prevalent virulent clone, M9914, was widely distributed within the UK and was also found in Australia. A second serotype 14 clone (M414) was recovered throughout northern Europe and from Australia and Canada. These two serotype 14 virulent clones were not closely related as they had different alleles at 6/7 loci. The second most prevalent clone, M807F, was found in the UK, Denmark, Finland, The
Relatedness of the pneumococcal isolates
Netherlands and Uruguay.
Isolates of all but one of the 12 virulent clones were susceptible to penicillin, although all the isolates of the M9914 clone from the UK, but only some of those from Australia, were resistant to erythromycin. Five of the 10 single-locus variants of the M9914 clone were also resistant to erythromycin. The M9914 clone was identical by MLST to the erythromycin-resistant serotype 14
isolates from the study of Hall et al. (1996) included in the validation strains (e.g. strains PN93/872, PN93/637 and PN94/653). The M9914 clone therefore corresponds to the erythromycin-resistant serotype 14 clone recently associated with invasive disease in the UK . Isolates of the M40gV virulent clone were penicillin-resistant and this clone is discussed further below. 
Relationship between serotypes and STs
Evidence of recombination
There was evidence of a history of intraspecific recombination within the gki and spi genes fragments as the test of Sawyer (1989) showed a highly non-random distribution of synonymous polymorphic sites (P <
0.0005).
There was no significant clustering of synonymous polymorphic sites within the other gene fragments, but the number of such sites was probably too low to apply this test to aroE, r e 8 and xpt (Table 2) . There was a possible example of an interspecific recombinational event in gdh (Fig. 4) as the mean divergence between allele 20 and the other pneumococcal gdh alleles was 4-58 %, which is much higher than the mean diversity within the other pneumococcal alleles (0.95 YO ) , and similar to the mean divergence between these alleles and that of S . mitis (5.16%).
The level of linkage disequilibrium between alleles was assessed using the I, (Maynard Smith et al., 1993 ). An I, of 0.478 was obtained when one isolate of each of the 143 STs was included in the analysis. Using randomized datasets, this value was shown to be significantly greater than the I, of zero expected for a population at linkage equilibrium ( P < 0.01). The experimental dataset is a highly biased sample of the total pneumococcal population as it is dominated by the hypervirulent clonal complexes which have risen to high frequency in our sample of isolates from invasive disease. To reduce this sampling bias, the dendrogram was truncated at a genetic distance of 0.2, so that only one isolate of each hypervirulent clonal complex was included in the analysis (Maynard Smith et al., 1993) . After truncation, the number of lineages was reduced to 95, and an I, of 0.267 was obtained when the analysis was performed using a single isolate from each of these 95 lineages. This value was not significantly greater than zero (P>O.l), implying no departure form the null hypothesis of linkage equilibrium between alleles.
Characterization of penicillin-resistant isolates
The pneumococci from invasive disease were from countries that have a low incidence of antibiotic (Coffey et al., 1996) , and M41 from the UK was identical to SP264, a reference strain of the multiresistant Spanish serotype 23F clone (Coffey et al., 1996) . A further resistant isolate (M170 from Denmark) was also assigned to the latter clone as it differed at only a single locus. All these penicillin-resistant isolates had the same serotypes as the reference isolates of the resistant clones, except that one of the members of the Spanish serotype 9V (M40eV) (Tenover et al., 1995) . However, the comparison of fragment sizes on gels is not ideal, and the unambiguity and electronic portability of DNA sequence data that provide the rationale for MLST have very considerable advantages for molecular typing procedures (Maiden et al., 1998) .
MLST using seven loci provided a high-resolution portable molecular typing procedure for pneumococci.
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t STs are named after the reference isolate for each ST. The STs are listed in the same order as in Fig. 3 . The 12 STs that include at least five invasive isolates are marked with daggers.
+A, Australia; GB, Great Britain; C, Canada; D, Denmark; F, Finland; N, Netherlands, S , Sweden; U, Uruguay. §Isolates with MICs of 30.5 pg benzylpenicillin ml-', or 2 4 pg erythromycin mF1, were scored as resistant (R); otherwise they were scored as susceptible (S). Two isolates had low level resistance to penicillin (MIC of 0.25 pg m1-l) and were scored I.
-, Not determined. Where there were isolates in a ST with more than one serotype, or with different antibiotic susceptibilities, the predominant phenotype is shown first and the numbers of isolates of the minority phenotype are shown in parentheses.
MLEE (Maiden et al., 1998) . This is clearly not MLEE, but the majority of isolates were from recent necessary, and here we validated the method using a episodes of serious invasive pneumococcal disease and small number of isolates that had already been typed by had not previously been characterized. The validity of allele  allele  allele  allele  allele  allele  allele  allele  allele  allele  allele  allele  allele  allele  allele  allele  allele  allele  allele the pneumococcal MLST procedure was very strongly supported by the fact that almost all isolates within single STs, or clusters of closely related STs, shared the same serotype. The minor exceptions, where isolates of different serotypes were found within the same ST, could be explained either by a lack of resolving power of MLST or by the occurrence of a serotype change.
The expected frequency of occurrence of any ST by chance can be estimated from the products of the frequencies of their alleles in the population of 274 invasive isolates. Isolates of the eight STs that contained different serotypes would be expected by chance at frequencies of between 3.5 x and it is therefore highly unlikely that a lack of resolving power has resulted in the grouping of unrelated isolates in the same ST. A much more plausible explanation is the occurrence of a change of serotype within these lineages. Serotype changes mediated by recombinational exchanges at the capsular biosynthetic locus are well documented from studies of penicillin-resistant pneumococci (Coffey et al., , 1998a Hermans et a/., 1997; Nesin et al., 1998) .
MLST was developed for the identification of clones and clonal complexes within populations of bacteria (or other organisms); from this study, and the previous study of meningococci, it appears very well suited to this purpose. Twelve major clusters of pneumococcal isolates with identical STs were identified and these presumably represent recently emerged virulent lineages that have become over-represented within pneumococcal populations recovered from serious invasive disease (Maynard Smith et al., 1993) . It seems likely that most of these virulent clones are widely distributed as, even with the relatively small numbers of isolates from outside Europe, seven of the 12 virulent clones were found in at least two continents, and the Mz4, M414, M15012F and M40gV clones were found on three continents (Table 3) . and 1.6 x Although MLST allows the identification of pneumococcal clones and clonal complexes, and probably provides reliable information about the genetic relatedness of isolates that differ at less than four of the seven loci, the relationships between isolates on deeper branches of the dendrogram should be treated with extreme caution. As lineages diverge they will relatively rapidly accumulate at least one nucleotide change in each of the seven gene fragments. Thus, the relationships between the major lineages are highly unreliable as they will usually involve comparisons of isolates that differ at most or all loci. In any case, it is unwise to assume there is any phylogenetic information in the deeper branches of dendrograms unless it is known that recombination is rare, and Fig. 3 should be viewed only as a convenient visual representation of the clusters of isolates with identical, or very similar, allelic profiles.
Although isolates with the same ST and closely related STs usually had the same serotype, isolates of most serotypes were distributed across the dendrogram. The most likely explanation is that in the long term the capsular genes that specify serotype spread horizontally within the population, but in the short term most isolates of invasive pneumococcal clones maintain their ancestral serotype as they expand and begin to diversify. Isolates of serotype 19F were the most widely distributed across the dendrogram, and this may reflect the fact that this serotype is commonly carried in the nasopharynx (Feldman & Klugman, 1997) , providing opportunities for the horizontal transfer of its capsular genes to co-Multilocus sequence typing of pneumococci infecting lineages of other serotypes. The genetic heterogeneity of serotype 19F isolates was also noted in a recent study of pneumococci from Finland (Takala et al., 1996) Serotypes 7F, 9V and 12F were atypical as in each case all invasive isolates appeared to be closely related and are presumably descended from a recent common ancestor. The limited genetic diversity among serotype 7F and 9V isolates was noted in recent studies of pneumococci from Finland (Takala et al., 1996) and France (Gasc et al., 1997) , respectively. The Finnish study also found that all serotype 14 isolates were closely related, but in our larger study of isolates from worldwide sources we found two major clusters of serotype 14 lineages, and eight other serotype 14 isolates were in six different STs or clonal complexes.
The congruence between serotype and genetic relatedness was slightly unexpected as pneumococci are naturally transformable, and the population has been proposed to be weakly clonal (Lomholt, 1995; , implying that recombinational exchanges are relatively frequent. Invasive isolates are not an ideal sample for estimating the extent of recombination in a species like S . pneurnoniae, where the bulk of the population is found in healthy carriers, as any lineages that have an increased capacity to cause disease become highly over-represented in this type of sample (Maynard Smith et al., 1993) . However, the linkage equilibrium between alleles that was observed when the distorting effect of this type of epidemic population structure (Maynard Smith et al., 1993) was minimized (by analysing only those lineages present when the dendrogram was truncated at a linkage distance of 0.2) supports the view (Lomholt, 1995; Hall et al., 1996) that recombination in the longer term may shuffle the alleles in the pneumococcal population. A much better estimate of the significance of recombination would be obtained by an analysis of linkage disequilibrium within an MLST dataset from an unbiased sample of the pneumococcal population (e.g. isolates from nasopharyngeal carriage in different countries).
In bacterial species there is often a poor congruence between genetic relatedness inferred by MLEE and serology, as recombinational exchanges that alter serotype may be strongly selected by the host immune system (Selander & Musser, 1990) . The congruence observed here may reflect the fact that the clonal complexes defined by MLST are much younger than those defined by MLEE, since any nucleotide difference at a locus produces a new ST, whereas in MLEE about 26 nucleotide changes are required to alter the electrophoretic mobility of an enzyme (Boyd et al., 1994) and produce a new electrophoretic type. Furthermore, the impact of recombination may be less in invasive isolates than in the bulk of the population which exists within the nasopharynges of healthy carriers, and there may be less congruence between genetic identity and serotype in the latter population, since isolates of different lineages are more likely to meet each other.
The pneumococcal MLST scheme and the MLST database provide the start of a new and powerful approach to the study of the global molecular epidemiology of pneumococcal disease. The study reported here was strongly biased to isolates from Great Britain but further studies of invasive isolates from other countries are in progress. These ongoing studies, and studies of isolates from different manifestations of pneumococcal disease, and from carriage, should provide answers to some of the basic questions about the population biology of this major pathogen. Other laboratories can easily compare their isolates with those in our growing pneumococcal MLST database by submitting the sequences from the seven housekeeping gene fragments to our World Wide Web site for the MLST of pneumococci.
MLST can also be used to characterize unusual isolates (e.g. optochin-resistant, non-serotypable strains), that may be either atypical pneumococci or viridans group streptococci, as in the latter case they should, like the S. rnitis isolate included in this study, have highly diverged alleles at each locus. MLST also assigned all of the penicillin-resistant invasive isolates to the known resistant clones, and the ability to characterize penicillinresistant isolates, by comparing their allelic profiles via the Internet with those in our database of resistant isolates, provides an unambiguous approach that has substantial advantages over the current methods for the characterization of these strains.
